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Abstract
We consider the high energy behaviour of the amplitudes for production of leptons,
quarks, Higgs bosons, sleptons, squarks, gauge bosons, charginos and neutralinos at lep-
ton colliders. We concentrate our discussion on the universal (process independent) log-





]. We perform a systematic determination of the coecient a for the
various nal states and we emphasize the striking features which dierentiate the SM and
the MSSM cases. We show that a comparison with experiments at future colliders should
provide a clean way to test the gauge and Higgs structures of the electroweak interactions
owing to the presence of sizable (visible) virtual logarithmic supersymmetric contributions.
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It is by now well-known that the electroweak radiative corrections to standard pro-
cesses increase strongly with the center of mass energy
p
s. This arises already at the









[1, 2, 3]. In the TeV range such terms reach the several percent level which should be
easily observable (and measurable) at future lepton colliders [4, 5]. This would provide
genuine tests of the validity of the Standard Model (SM) or, alternatively, indicate the
presence of new physics beyond it.
The relevance of these large logarithmic eects at high energy colliders has been
stressed recently in the process e+e− ! f f for both the SM [3] and the Minimal Su-
persymmetric Standard Model (MSSM) cases [6, 7], and in the process of production of
scalar pairs in the MSSM [8]. In the same spirit some work has already been done for
the process γγ ! f f [9] measurable at photon-photon colliders. In these works it was
shown that, for what concerns the size of the eects on a general class of experimental ob-
servables, assuming SUSY mass values reasonably below one TeV, appreciable dierences
would appear between the SM and the MSSM predictions, which should be observable at
these future colliders.
In the meantime similar studies were undertaken for other processes like e+e− !
W+W−, γγ, γZ, ZZ, +−,.... [10, 11] showing similar aspects.
Comparing the SM and the MSSM logarithmic eects in these various processes, we
were impressed by a number of recurrent, impressively simple dierences, which should
have remarkable and clearly observable consequences. The purpose of this short paper is
that of presenting in a systematic way these dierences and of discussing their intuitive,
deep physical origins. Although this analysis could be performed, to subleading logarith-
mic order accuracy, to all orders, as proved in Ref.[8], we shall be limited in this short
paper to the simple one loop approximation. The reason of our choice is twofold. On
one hand, it has been shown in previous references [6, 7] that for SUSY masses of few
hundred GeV the one loop description appears still reasonable for c.m. energies of the one
TeV size, which should be within the next LC reach. Thus, in a rst approach we shall
consider this energy conguration, rather than that of 3-5 TeV, that should be reached by
a future CLIC accelerator, where the simple one-loop description would fail. On the other
hand, it is known that, in a resummation of logarithmic terms to subleading accuracy,
one simply exponentiates the one loop combination, so that in any case an evaluation of
the latter is a major theoretical input of the problem.
At the one loop level the logarithmic terms appearing in e+e− processes can be sepa-
rated into three categories:





factorize the Born amplitude in a process independent fashion and are angular indepen-
dent, but specic of each external particle.
2






], with x being one of
the Mandelstam parameters depending on the scattering angle x  t; u. They arise solely
from SM two gauge boson exchanges (box diagrams) and can be listed in a straightfor-
ward way for each process.
(3) Renormalization Group (RG) type of terms (i.e. internal gauge boson or gaugino
self-energy contributions). They are process dependent, but can also be computed in a









the usual RG functions associated to the gauge couplings g1,2.
Contributions (2) and (3) being rather trivial, from now on we shall concentrate on
the universal terms (1) which turn out to present much more interesting properties.
These logarithmic terms are of collinear and soft origins. They can be (and have been,
[2, 3, 6, 8, 9, 10]) computed , either directly in the covariant  = 1 gauge by adding the
contributions of self-energy, triangle and box diagrams, or in an axial gauge (which leads
to several simplications), or by using the splitting function techniques [12]. In fact the
last approach provides the simplest way of getting these universal terms separately for
each external line. We have checked that all three methods agree, and we collect the
results below. They can be written as




c being a coecient that depends on the energy and on the nature of the external particles
in the considered process.
















































]f [2m2t (1 + cot2 ) + 2m2b(1 + tan2 )][f,tL + f,bL ]
+[4m2t (1 + cot
2 )]f,tR + [4m
2
b(1 + tan
2 )]f,bR g (3)
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where  is the mixing angle between the vacuum expectation values of the up and down
Higgs chiral supereld (in standard notation tan  = vu=vd).
























]f [(m2t (1 + cot2 ) + m2b(1 + tan2 )][f˜ ,t˜L + f˜ ,b˜L]
+2m2t (1 + cot
2 )f˜ ,t˜R + 2m
2
b(1 + tan
2 )f˜ ,b˜R g (4)
neutral Higgs and charged or neutral Goldstones(G = WL , G
0 = ZL) in the
SM (for each external line)
c(HSM) = c(G
0) = c(G) =





















charged and neutral Higgs bosons and Goldstones in the MSSM
The results are written in a matricial form because of the mixing eects which appear
due to heavy quark contributions.
A rst 22 matrix describe the (H; G  WL ) set as well as the (A0; G0  ZL) set:
c11 =

















































A second matrix describes the (H0; h0) set
c11 =
















2 (1 + cot2 ) + m2b cos





















2 (1 + cot2 ) + m2b sin








[m2t (1 + cot
2 ) + m2b(1 + tan
2 )] [−ln s
M2
] (11)
where  is the mixing angle between the neutral CP even physical Higgs bosons; at tree
level, it is a simple combination of tan and the masses of the neutral (CP even and odd)
physical Higgs bosons.
The meaning of these matrices is that the corrected amplitude is obtained from the



















































































The mixing matrix elements Z1i correspond [13] to the charged gaugino components
and Z2i to the charged higgsino components.
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2 ) ZN3i Z
N
3j ] (16)
The mixing matrix elements ZN2i correspond [13] to the neutral gaugino (
~W3) compo-
nents and ZN3i ; Z
N
4i to the neutral higgsino components.















+ x(1− x)]; x
2 + (1− x)2
2
; x(1− x);
for f ! gf , f ! sf , s ! gs, s ! f f , g ! gg, g ! f f , g ! ss, respectively, and adding
the parameter renormalization terms. They agree with the explicit one loop computations
made for e+e− ! f f , ~f ~f , HH ′, W+W−, γγ, γZ, ZZ, +−, in ref.[3, 6, 8, 9, 10, 11].
We now briefly comment a few properties that appear to us particularly relevant.
The [−ln2 s
M2W
] terms arise from the coincidence of soft and collinear singularities (Su-
dakov terms). They only appear (because of helicity conservation vertices) in SM gauge
terms. They correspond to the term 1=(1−x) in the splitting function with emission of a
gauge boson. The minus sign is xed by unitarity (positivity of the transition probability).
These SM gauge terms contain also a single [ln s
M2W
] part arising from the remaining









]. The factor 3 and 4 can be
traced back to the spin nature of the gauge vertices f fg, ssg (where g is a gauge boson)
and correspond for example to the Lorentz transformed of the usual 1 + cos2  and sin2 
distributions in the c.m. of the fermion or scalar pair.
In the results given above there appear additional single logarithmic terms [−ln s
M2
]
which arise from scalar couplings of supersymmetric particles or from Yukawa SM or
MSSM terms. The minus sign is also a consequence of unitarity (positivity of the cor-
responding transition probability). The scale M which appears in these single logs is
in principle the value of the highest mass running inside the corresponding loop, but at
logarithmic accuracy, provided that one is especially interested in the slope in log s, as
suggested in Ref.[8], the choice of M is harmless. On the contrary, in quadratic log terms,
the scale is denitely the electroweak mass MW or MZ( for a simplication of the writing
we have not made the distinction between MW and MZ , but this can be done in an un-
ambiguous way).
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Having acquired a certain condence on the accuracy of our previous results, derived
as we said in three dierent ways and physically well understood, we now underline a few
features that seemed to us worth being, at least, mentioned.
A rst feature is that, for lepton and quark production the SM "fermion-gauge" com-








] in the MSSM when gaugino
terms are added.
The second interesting feature is that, for slepton and squark production the SM "scalar-








] when the cor-
responding gaugino terms are added.




] appears to be the typical MSSM combination of
the whole fermion-sfermion supermultiplet.





is again appearing for other nal states like supersymmetric Higgs bosons and Goldstones
(WL ; ZL), as well as in the Higgsino components of the charginos and neutralinos, while
the SM combination which appears for the standard Higgs boson and for standard






These properties represent,so to say, a kind of "logarithmic ngerprints" of Supersym-
metry, that might be used, in a way that we shall discuss, in these production processes
to test the perturbative "ne structure" of the chosen model.
Next, we consider the Yukawa terms which contribute to a term [−ln s
M2
] in the pro-
duction of heavy quarks, heavy squarks, Higgs bosons and Goldstones, charginos and
neutralinos. The remarkable feature here is that the SM parameters m2t and m
2
b are,
in the MSSM, replaced by terms that also contain the products m2t cot
2  and m2b tan
2 
. For large values of tan2  this would provide not only a signal of the presence of su-
persymmetry, but also a genuine possibility of measuring this fundamental parameter, as
already stressed in [7, 8].
Finally, we notice that for transverse gauge boson lines, only the quadratic term
[−ln2 s
M2W
] appears, both in the SM and in the MSSM, and that this feature remains
true in the gaugino components of the chargino and neutralino cases. This leads to an
additional potential check of the supersymmetric nature of the interactions of these par-
ticles.
The rst general conclusion that can be drawn from our analysis is that the gen-
uine SUSY electroweak Sudakov logarithmic structure is essentially dierent from the
corresponding one met in the SM. This is simply due to the fact that, at the starting
perturbative one-loop level, "standard" supersymmetry does not generate extra double
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logarithmic terms. The reason why we use the word "standard" is that this fundamental
dierence has been proved in our paper in the specic case of the MSSM, but one eas-
ily realizes that it will continue to be true in any supersymmetric model that does not
introduce extra spin one entities, therefore remaining, in our language, of "standard" type.
The impossibility of generating Double Leading logarithms does not apply, though, to
the Subleading Linear ones, both of gauge and of Yukawa kind (and, also, of RG origin).
As an immediate consequence of this fact, the coecients of the universal and of the
Yukawa logarithms receive genuine supersymmetric contributions (the angular dependent
contributions retain their standard form, since they only arise from boxes with two gauge
boson exchanges). The RG terms are modied (the i functions receive supersymmet-
ric contributions) and must be (and will be) carefully taken into account in a numerical
analysis. These terms were, so to say, historically known and traditionally included in
the asymptotic expansion, so they do not represent in our investigation any novel feature,
which explains why we considered them as "known" contributions . The interesting fea-
ture of the genuine supersymmetric contributions is that a clean separation exists between
two kinds of terms, those of gauge origin and those of Yukawa origin. The identication
of these two contributions could lead to strong tests of the nature of the supersymmetric
model to which they correspond, in a way that we shall try to discuss in the remaining
part of this paper.
A self-consistency strategy
The strategy that we have in mind assumes, as a rst necessary input, that the super-
symmetric scenario is "light". By this we mean that the various SUSY masses are of the
order of a few (two, three) hundred GeV at most. The second assumption is that a lepton
collider able to reach c.m. energies of approximately (i.e. not much smaller than) one
TeV becomes available. This would allow the identication of the collider c.m. energy
range with an "asymptotic" (with respect to all the involved masses) region, where the
logarithmic Sudakov expansion becomes reliable. Note that, for SUSY masses systemat-
ically but reasonably larger than in our scenario (say, of more than ve hundred GeV),
the procedure would still work but for a collider of a few (three, ve..) TeV, where the
technical extra feature would be the necessity of a (at least,subleading) resummation of
logarithms, as discussed in Ref.[8]. Under the two aforementioned assumptions, we ex-
pect from our previous work ([3, 6]) that a simple one-loop theoretical description is still
adequate, at the aimed experimental accuracy of a relative one percent. In this case, we
would be able to predict the coecients of both the ("uninteresting") DL and of the ("in-
teresting") SL terms in the "asymptotic" expansion of the various observables in the TeV
region. A numerical problem would be the presence of a (possibly not irrelevant ([3, 6])
sub-subleading constant term in the expansion (we shall make the reasonable assumption
that terms that vanish asymptotically can be neglected ). This would contain, in practice,
the full set of supersymmetric parameters of the considered model in a quite complicated
way, that would not be described by simple analytic expressions, making a determination
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of the separate parameters from a t to experimental data a rather hard task. A possible
way out of this technical diculty seems to us the one proposed in previous papers [7].
This consists of measuring the energy slope of the various observables, in a region around
one TeV, thus getting rid of the awkward unknown constant term. Since a rst example
of this procedure was already given in Ref.[7], we shall now assume that this process can
be performed, and simply illustrate here the various steps along which our analysis would
proceed in this case, progressing systematically in the following order:
1) Identification of the gauge terms
From an analysis of the processes of production of light leptons, quarks, sleptons





a = 2. Note that this is a crucial test of the presence of gaugino contributions which are
responsible for the modication of the standard case a = 3.
2)Identification of the Yukawa tan -dependent terms.
From an analysis of heavy quarks and squarks and of charged Higgs production we
would test the Yukawa structure of the model and derive strong limitations on the value
of tan  in the MSSM.
3)Identification of the neutral Higgs terms.
From an analysis of neutral Higgs production we would derive information, given the
previous analysis on tan , on the value of the parameter  that appears in this sector.
4)Identification of the mixing matrices.
From an analysis of the various (ij) chargino and neutralino pair production, we
would try to determine the values of the parameters of the mixing matrices Z,Nij .
5)Confirmation of the SUSY model.
This would be possible, in principle, since the pure Yukawa sector of the model would
be dierent if e.g. the Higgs structure turned out to be more subtle then in the MSSM.
A prominent role in this spirit would be played by the process on neutral Higgs production.
The point that we would like to stress is that, proceeding in this way, one would
perform a gradual investigation that involves at every step a minimum number of param-
eters of the model, that appear in a rather simple analytic expression in the SL SUSY
Sudakov logarithmic terms. This is a consequence of the fact that, at this logarithmic
order, a great number of diagrams does not contribute at one loop, since they vanish at
asymptotic energies by construction.
An important fact that, we feel, we should also stress at this point is that the approach
that we have tried to underline here is necessarily based on asymptotic approximations.
As such, it would not be able to provide complete numerical predictions for the exact
values of the various considered amplitudes. In spite of this apparent shortage, we be-
lieve that the various general results that we have derived would play a quite useful role
for a simple understanding of the behaviour of the various observables at high energy.
Complete numerical predictions will have necessarily to be the result of a dedicated hard
calculation, that would be rather involved already at the one loop level. Examples of
such complete one-loop calculations already exist in the literature [15]. Actually, we be-
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lieve that, given the complexity of the set of parameters of the known supersymmetric
models, the two approaches of asymptotic expansions and of rigorous calculations should
be considered as complementary, and their simultaneous availability would be essential
for a relatively simple and unambiguous determination of at least a few characteristic
parameters. Evidently, the rigorous and the asymptotic approaches must satisfy the con-
straint of giving identical results in the asymptotic region. Therefore, for xed values
of the SUSY parameters, the slopes in energy computed in the two approaches must co-
incide. This would provide a strong check of the reliability of the asymptotic expansion
at the one loop level, whose interpretation in terms of the relevant parameters is so simple.
On the other hand, for energies in the CLIC range, where a one-loop expansion is
certainly inadequate, it has been already shown for scalar and fermion production [8, 16]
that the determination of the SUSY logarithmic terms at one loop is sucient to provide
the expression of an asymptotic expansion, resummed to all subleading orders.
This remains for the moment, to our knowledge, the only existing realistic calcula-
tion of SUSY virtual eects in that challenging energy range. It must also be stressed,
although this is beyond the purposes of this short letter, that it has been shown as well
[8] that these eects would often be rather large, and certainly visible at the realistic
experimental accuracy aimed at those energies.
In conclusion, we believe to have shown from the (necessarily quick) analysis given in
this paper that, indeed, virtual supersymmetry would have a "reality" at future acceler-
ators, since it exhibits peculiar "logarithmic ngerprints" that would make it "visible"
there. Roughly, one might be tempted to summarize these results via a rough "thumb
rule", sounding like:
”0,1,2,3,4... count the logs and find supersymmetry”.
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